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The crystal structure of the homodimeric BB isoform of 
human recombinant platelet-derived growth factor 
0*DGF-BB) has been determined by X-ray analysis to 3.0 
A resolution. The polypeptide chain is folded into two 
highly twisted antiparallel pairs of jS-strands and contains 
an unusual knotted arrangement of three intramolecular 
disulfide bonds. Dimerization leads to the clustering of 
three surface loops at each end of the elongated dimer, 
which most probably form the receptor recognition sites. 
Key words: platelet-derived growth factor/receptor binding 
domains/X-ray structure 



Introduction 

Platelet-derived growth factor (PDGF) represents the major 
serum mitogen for cells of mesenchymal origin. It has been 
shown to promote cell migration in vivo (Gordon et al,, 
1991) and cell migration and proliferation in vitro (Kohler 
and Lipton, 1974; Ross etal, 1974). Both are key events 
in natural processes such as embryogenesis and wound repair 
(Heldin and Westmark 1984; Ross et at., 1986). PDGF has 
also been implicated in a number of pathological states, such 
as neoplasia, arteriosclerosis and fibrosis (Waterfield e( al., 
1983; Ross et al., 1986). The potent mitogenic, 
chemoattractant and transforming activities of PDGF are 
mediated through its interaction with specific high-affinity cell 
surface receptors (Heldin and Westmark 1989; Matsui et al., 
1989), leading to the stimulation of the receptor's intrinsic 
tyrosine-specific kinase activity (Gelmann etaL, 1981; 
Robbins etaL, 1981, 1982a,b; Wong-Staal et al., 1981). 

PDGF is a disulfide-linked dimeric protein, variably 
composed of two related polypeptide chains A and B, which 
are expressed from different genes and assembled as homo- 
or heterodimers (Johnsson et al., 1982). Unreduced, active 
PDGF exhibits multiple forms ranging in size from 28-35 
kDa (Antoniades et ai, 1979; Deuel et ai, 1981). Reduction 
of PDGF produces inactive, smaller peptides with apparent 
molecular weights of 12- 18 kDa (Antoniades et al, 1979; 
Heldin et al, 1979). All three possible isoforms of PPGF, 
AA, BB and AB, have been identified and shown td bind 
with different affinities to homo- and heterodimers of two 
different but homologous receptor gene products, denoted 
OL and i3 (Yarden et al,, 1986; Matsui et al., 1989). 
According to the PDGF receptor subunit model (Seifert 
et ai, 1989), PDGF-BB activates all Uiree receptor isoforms. 



whereas PDGF-AA exclusively activates the aoc dimer 
(Antoniades etal., 1979; Kaplan et aL, 1979). The 
heterodimeric ligand activates both, the aa-dimer and the 
iS-receptor subunit of a non-covalently linked a0 heterodimer 
(Heideran et aL, 1991; Kanakaraj et aL, 1991). Some 
predictions of this model have been recently questioned 
(Drozdoff and Pledger, 1991). PDGF-BB has been identified 
as the human homologue of the v-sis oncogene product 
p28^'^of the Simian Sarcoma virus (Dolittle et aL, 1983; 
Waterfield et aL, 1983), a transforming, replication- 
defective retrovirus, which was isolated from a naturally 
occurring fibrosarcoma in a woolly monkey (Theilen et aL, 
1971; Waterfield et aL, 1983). This finding provided the 
first evidence that one gene products were involved in growth 
factor-mediated proliferative pathways. Both proteins have 
in common a minimal transforming domain, containing eight 
cysteine residues, four of which are essential for PDGF 
function and have been inferred in intrachain disulfide 
linkages (Giese et aL, 1987; Sauer and Donoghue, 1988). 
We report here on the three-dimensional structure of 
recombinant human PDGF-BB at 3 A resolution, determined 
by the multiple isomorphous replacement method. Taking 
into account biological data on the functional importance of 
single residues or of selected chain fragments of the ligand, 
a putative receptor binding site is proposed. 

Results 
Crystallography 

The crystal structure of PDGF-BB has been determined by 
the multiple isomorphous replacement (MIR) technique at 
3.2 A and refined to the diffraction limit of the crystals. 
Refinement was performed using the fast Fourier version 
of the PROLSQ (Hendrickson and Konnert, 1980) program 
as implemented in the CCP4 software package (Daresbury 
Laboratory, England). Statistical information on data 
collection, MIR phasing and structure refinement is 
summarized in Table I. The refinement of PDGF-BB was 
not satisfactory until an overall anisotropic tensor was applied 
to the calculated structure factors of the isotropically refined 
protein structure following the approach of Sheriff and 
Hendrickson (1987). By assigning a vibrational tensor to the 
entire unit cell, constrained to have 2/m point group 
symmetry, the adverse effects of the highly anisotropic 
intensity distribution on the refinement process were 
essentially removed. Despite the moderate resolution of 3.0 
A, individual atomic B-factors were refined, albeit with tight 
restraints between covalently linked atoms. The three 
crystallographically independent PDGF-B molecules 1, 2 and 
3 have mean main-chain B-values of 13 A^, 32 A^ and 35 
A^, respectively, indicating a higher mobility of molecules 
2 and 3 in the crystal lattice. As shown in Table I the highly 
anisotropic thermal ellipsoid has its largest component along 
the monoclinic b axis. Ideally an anisotropic tensor should 
be applied to each of the three independent molecules during 
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Native EuCl;^ K^Pt^ 



24377 (3) 


14512 (1) 


14 1 35 (1) 


o545 (99) 


6921 (80) 


4480 (92) 


3.0 


3.2 


3.65 


0.061 


0.089 


0.049 


0.054 


0.083 


0.040 


0.057 


0.082 


0.050 


0.064 


0.089 


0.068 


0.083 


0.156 




0.126 


0.288 






3.0/1.8 


1.5/1.1 




0.38 


0.56 



0.54 for 6,183 reflections 

Overall anisotropic thermal 
parameters (A-) 

2,037 bll 3.7 along a* 

b22 14,1 along b* 

0.02 b33 -2.3 along c* 

2.5 bl3 0.7 

6.0-3.0A 
6,172 
0.209 



Table I. Statistics for data collection, phase determination and refinement 



Derivative 



a) Diffraction data 

Number of measurements (No. of crystals) 

Number of unique reflections (completeness %) 

Resolution limit (A) 

R|* (overall) 

R| ("6.32 A) 

R, (6.32 A-4.47 A) 

R, (4.47 A -3.65 A) 

R[ (3.65 A-3J6 A) 

R, (3.16 A-2.83 A) 

r.m.s. F^/E^ 

(all reflections/highest resolution range) 
Rc (only hOl) i 
Mean figure of merit 

b) refinement parameters 

No. of atoms (non-hydrogen) 

r.m.s, deviation of bond length (A) 
r.m.s. deviation of bond angles (degrees) 
Resolution 

No. of Fobs > =3ff Fobs 
R-factor 



*R, = E|I-<1>|/L<I> 

^Fb heavy atom structure factor; E residual lack of closure 
JCullis R-factor = i;|Fb(obs)-Fh(caic)l^^ ^Mobs) 

refinement, but this option is not yet implemented in the 
refinement software. Molecules 1 and 2 are related by a non- 
cry stallographic 2-fold axis, while molecule 3 is part of a 
crystallographic dimer. The crystal packing can be described 
as a stacking of layers along the b-axis. Each layer consists 
of dimers of both types (1/2 and 3/3) that contact each other 
in the a,c plane. The interlay er contacts are relatively weak 
and occur exclusively between molecules of type 1 related 
by the 2-fold screw operation. This explains the observed 
higher mobility of molecules 2 and 3 and also that the largest 
component of this mobility is along the b-axis. The present 
crystallographic R-factor with all molecules refined 
independently is 20.9% for data with F/ap> = 3 and 
reflections in the resolution range 6.0-3.0 A. r.m.s. 
deviations from ideal bond length and angles are 0.02 A and 
2.5°, respectively. Figure 1 shows the initial MIR electron- 
density distribution and the final 2|Fobsl ~ iFcaid rn^P* 
calculated with model phases, for a prominent feature of the 
monomeric PDGF-B structure, a cluster of three disulfides. 

Molecular structure 

The polypeptide chain fold of a monomeric PDGF-B 
molecule is shown in Figure 2a together with the assignment 
of secondary structure elements. Mature human PDGF-B 
has 109 amino acids (Josephs etai, 1984), which 
correspond to residues 82-190 of the PDGF-B precursor 
and to residues 112-220 of the v-sis gene product p28^'^ 
(for residue numbers referring to the v~sis gene product 
p28^'^ the corresponding mature PDGF numbers will be 
indicated in square brackets). The molecule belongs to the 
class of i3-proteins and has two long, highly twisted 
antiparallel pairs of /3-strands as also seen in the crystal 
structure of nerve growth factor (McDonald et al., 1991). 
The strand connections, denoted as loops I, II and III, range 
from residues Ile25-Leu38, Cys53-Val58 and 



Val78-Lys81, respectively, are exposed to solvent and show 
partial disorder in all three independent monomers. This is 
also the case for the N- and C-termini and will obviously 
be aggravated for loop I and the N-terminal end by the 
presence of a substantial fraction of nicked molecules, as 
discussed below. As a consequence 6—8 N-terminal 
residues, 5—9 C-terminal residues as well as the fragment 
28—36 are missing in the structural model of the three 
monomer copies. A prominent feature of the PDGF-B 
molecule is an intramolecular cystine cluster, located in the 
region of loop 11 (see Figure 1), which is formed by the 
three disulfides Cysl6-Cys60, Cys49-Cys97 and Cys53- 
Cys99. They are arranged in an unusual knot-like topology 
with the Cysl6-Cys60 bridge (I -IV) penetrating the cyclic 
structure formed by the two other cystines (II - V and 
III -VI) and their strand connections. A similar knotted 
arrangement of disulfide bonds has been observed in a 
number of structurally related proteins, with the same I -IV, 
II-V, m— VI intramolecular cystine network. These are the 
trypsin inhibitor EETI II (Le Nguyen et aL, 1990) from 
Ecballium elaterium, CPI, a carboxypeptidase inhibitor 
found in potato leaves (Rees and Lipscomb, 1982) and the 
neurotoxin oj-canotoxin GVIA from Conus geographus 
(Nishiuchi et aL, 1986). However, their cystine topology 
differs from that of the PDGF-B monomer as in these cases 
the disulfide bridge III- VI penetrates the macrocycle. 
Strikingly, there is a close structural resemblance in the main- 
chain fold between loop II (residues Cys53-VaI58) and 
the corresponding region (Cysl2-Aspl7) of the carboxy- 
peptidase A inhibitor CPI (4CPA). Their equivalent Op- 
positions superimpose with an r.m.s. deviation of 0.4 A, 
thus representing a conserved loop motive in the presence 
of the knot-like cystine topology. The two remaining cysteine 
residues of PDGF are involved in interchain disulfide 
linkages, Cys43 forms a disulfide bridge with Cys52 of the 
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Fig. 1. Stereo representation of the initial MLR electron density distribution (a) and the final 2|Fo|-|Fc|, a^'^^^P *he intramolecular cystine 

cluster Cysl6-Cys60, Cys49-Cys97 and Cys53-Cys99. Superimposed on the displayed densities are for (a) the corresponding portions of the 
C„-chain (disulfide bonds indicated in dashed lines) and for (b) the refined structure. 



symmetry related chain and vice versa, giving rise to the 
'antiparaller dimer arrangement of the elongated monomers 
as shown in Figure 2b in two different orientations. Viewed 
on edge the PDGF dimer has the shape of a shallow trough 
with overall dimensions of -70x35x25 A. The main body 
is exclusively formed by jS-strands whereas the two ends are 
formed by the C-termini and the surface loops I, II and III. 
One part of the dimer interface extends over almost 40 A 
parallel to the direction of /3i and 02 ^nd is formed 
predominantly by van der Waais contacts between residues 
of both strands with their symmetry related copies. As can 
be seen from Figure 2b additional intermolecular contacts 
are formed by the N-terminal tails (residues 7-15). They 
cross the extended part of the interface near the 
intermolecular disulfide bonds on the convex side of the 
dimer. The calculated solvent-accessible surface area of both 
the non-crystallographic dimer and the individual monomers 
shows that -2200 A^ of the total surface area are buried 
in the dimer. Of these 2x600 A^ can be attributed to the 
contacts made by the N-termini over a distance of - 18 A. 



Approximately 2x500 A^ are buried along the extended 
j8ijS2 interface, including the contact at the intermolecular 
disulfide bond. 

Discussion 
Disulfide linkages 

Studies with deletion mutants of the v-sis gene product 
demonstrated that the minimal region required for 
transforming activity contains all of the conserved cysteines 
and corresponds to the chain segment Cysl6-Cys99 in the 
mature PDGF-B molecule (Giese et ai, 1987). All cysteine 
residues in PDGF were reported to be involved in either 
inter- or intramolecular disulfide linkages (Deuel et aL, 
1981) and reduction of PDGF or the v-sis protein abolishes 
mitogenic activity (Deuel et al., 1983; Garrett et aL, 1984; 
Huang et al., 1984; Owen et at., 1984). This indicated a 
crucial role of some or all disulfide bonds in the stabilization 
of the biologically active conformation and suggested that 
a dimeric ligand structure might be functionally important. 
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f-/"' 8a<;^'^'^n^/'"'«ure of the refined monomeric PDGF-B-chain (A9-AI04) represented as a ribbon diagram (Prieslle 1988) (left) and a wire 
model (ngh,). Secondary stmcture elements have been assigned using the algorithm of Kabsch and Sander (1983). The rescues Idic ed in , he 
nbbon diagram mark the N- and C-temi.n., the beginning and end of each /3-strand and the break points o the missing loop b) A omic stmcture of 

:::7Srn7nS3's,it??^^^^^ '^--'^ -"^ ^"^-'-^ ^■^°'<^ <'^") - Uho't^s r 



Given the importance of the disulfide bonds for the ligand's 
biological activity, the structural and ftjnctional role of 
individual cysteine residues in the PDGF related v-sis 
oncogene has subsequently been probed with Cys to Ser 
mutants (Giese et aL, mi; Sauer and Donoghue, 1988). 
It was found that the cysteine residues 127, 160, 171 and 
208 (16, 49, 60 and 97 in the mature PDGF-BB sequence) 
are essential for transforming activity and it was correctly 
concluded that they are involved in intrachain disulfide 
linkages. However, the connectivity of these linkages could 
not be derived. The remaining four cysteines 154, 163, 164 
and 210 [43, 52, 53 and 99] could be replaced by serine 
without loss of biological activity. Furthermore, it Jwas 
suggested that Cysl54 [43] and Cysl63 [52] participate in 
a non-essential intra- or intermolecular disulfide bridge 
(Sauer and Donoghue, 1988). The intermolecular disulfide 
bond between Cys43 and Cys52 of mature PDGF as well 



as the third intramolecular cysteine Cys53 -Cys99 can thus 
be regarded as functionally non-essential. 

Substitution of Cys 163 [52] by serine did not reduce 
biological activity but altered the electrophoretic mobility 
under non-reducing conditions (Giese et ai, 1987). This was 
interpreted as an indication for biological activity of a 
monomer or of a non-covalently linked dimer. Indeed, the 
structure shows that the dimer interface is sufficient to 
substantially stabilize a dimer in the absence of a covalent 
linkage. However, the minimal transforming domain, which 
lacks the N-terminal 15 residues and their significant 
contribution to the dimer interface, is likely to remain 
monomeric at low concentration. 

Receptor binding domains 

Identification of those regions of PDGF-BB that are involved 
in the binding to or in the activation of the receptor^s intrinsic 
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tyrosine kinase activity is of particular interest for the design 
of specific PDGF antagonists, A number of studies, using 
deletion and substitution mutants of PDGF-B or of the 
homologous v-sis gene as well as PDGF-A/B chimeras 
provided some insights (LaRochelle et al., 1989, 1990; 
Giese et al., 1990; Clements et aL, 1991; Ostman et al., 
1991). A more precise description of the binding domains 
is now possible through the knowledge of the location of 
the functionally important residues in the three-dimensional 
structure of the ligand. 

Initial studies with neutralizing PDGF monoclonal 
antibodies (LaRochelle et aL, 1989) indicated that the chain 
segment between Thr20 and Cys43 represents a surface 
domain of PDGF-BB and contains residues involved in 
receptor interaction. More precise epitope mapping and site 
directed mutagenesis studies with v-sis ftirther confined this 
binding domain to residues Ilel36 [25]-Phel48 [37] (Giese 
et aL, 1990). Using PDGF-A/B chimeras it was shown that 
Asn34 is essential for PDGF-B-like transforming efficiency 
(Ostman et ai, 1991). Using a different functional assay, 
which selects for mutants with reduced binding to both 
receptor types, De30 and to a lesser extent Arg27 were shown 
to be important (Clements et aL, 1991). v-sis mutants with 
single residue deletions in the segment corresponding to loop 
I lack transforming activity but show no reduction in dimer 
formation (Giese etai, 1990). Most likely, this loop 
assumes a defined structure only when PDGF binds to its 
receptor. In the free ligand it is flexible and seems to adapt 
to sequence alterations without disturbing the rest of the 
molecular structure and therefore dimerization. It should be 
noted that single residue deletions in the more rigid parts 
of the molecule lead to the loss of transforming activity and 
dimer formation. 

The 2-fold symmetry of PDGF-BB leads to a clustering 
of all three loop regions on either end of the dimeric 
molecule. Despite the lack of interpretable density for loop 
I, it must be in close proximity to loop III of the same 
monomer and to loop II of the 2-fold related molecule. Given 
the high affinity of PDGF-BB for its receptors (Bowen-Pope 
and Ross, 1982), an extended interaction interface, likely 
to include regions spatially adjacent to loop I, may be 
expected. Indeed, one study with PDGF-A/B chimeras 
(Ostman et al,, 1991) strongly indicates that residues from 
segment 73-77, most likely Arg73 and Ile77, are involved 
in iS-receptor binding. Somewhat contradictory, Giese et al. 
(1990) reported that residues Glu24"Thr63 of the B-chain 
confer full B-like ftinctional prop)erties to A/B chimeras. As 
pointed out by Ostman et al, (1991), the conflicting results 
may be a consequence of the different systems used for the 
functional assays. The structure shows that the extended 
segment 73-77, just before loop III, is adjacent to loop I 
and that the side chains of Arg73, De75 and ne77 participate 
in a large, predominantly hydrophobic patch that also 
includes Arg27, Leu38 (both part of loop I), Pro82 and 
Phe84. This non-polar pattern is conserved in the human 
PDGF-A sequence. 

Positively charged amino acid residues have been 
attributed an important role in the binding of PDGF-BB to 
its receptors from the finding that protamine (sulfate), a 
highly basic (Arg- and Lys-rich) polypeptide is a coiripetitive 
inhibitor of PDGF binding (Huang etaL, 1982). 
Interestingly, loop III (Val78-Arg79-Lys80-Lys81) 
contains three basic residues that are conserved in the human 



A and B chains. However, their substitution by neutral or 
acidic residues has been shown to have no effect in the 
functional assay that probes reduced binding to both receptor 
types (Clements et al., 1991). With respect to an 
involvement of loop II residues, it can be said that closest 
to the ordered ends of loop I are Asn55, Arg56 and Asn57. 
No data on the functional importance of loop II residues are 
available, with the exception that Arg56 has been probed 
and found not to be important in the assay probing binding 
to both receptor types (Clements et aL, 1991). 

In summary, the fragmented biological data on the 
functional importance of particular residues of PDGF-B 
combined with the structural results suggests to us that 
residues of loop I possibly together with mainly non-polar 
residues on the N- and C-terminal side of loop III and 
perhaps additional residues from a dimer related loop n could 
form an extended contiguous receptor binding site. Further 
biological and structural results will be necessary to confirm 
or modify this hypothesis. 

Materials and methods 

Purification and crystaliization 

The clone bearing the plasmid PKP36, expressing human B-chain PDGF, 
was grown in S.cerevisiae E-18-9 strain yeast cells (Kelly et al., 1985) in 
100 1 fermenters. The yeast culture broth, containing the secreted PDGF- 
BB, was centrifuged and the supernatant concentrated using polysulfone 
membranes (Millipore) with a 10 000 M.W. cut-off. The pH was adjusted 
to 5.5 and 10 mM EDTA added before loading onto S-sepharose FF. PDGF 
was eluted with a step gradient of 1 M NaCI in 20 mM phosphate buffer 
at pH 7.3. As PDGF is extremely stable at low pH, the pH was lowered 
to 3.0 with acetic acid and the protein rechromatographed on S-sepharose 
FF, using an acetic acid sodium acetate gradient from pH 3.0 to 5.0. The 
protein was then concentrated using Amicon YMIO membranes and applied 
to a G-50 gel filtration column in 1 M ammonium acetate buffer at pH 9.0. 
The pH of the peak fractions was adjusted to 4.5 with acetic acid and 
subsequently diaftltered with water to reduce the salt concentration before 
lyophilization. An orthorhombic crystal form, grown from 50% isopropanol 
tended to be twinned and relatively few crystals were suitable for data 
collection. A monoclinic form, grown in 25% isopropanol, 25% PEG 400, 
250 mM CaCl2 and 20 mM HEPES, pH 7.0 showed no twinning, could 
be grown reproducibly and was used for x-ray analysis. Calcium chloride 
proved to be essential for their growth and a protein concentration of 40 
mg/ml was necessary to produce crystals large enough for data collection. 
The crystals belong to space group 02 (a = 147.3 A, b = 31.8 A, c = 
90. 1 , jS = 98.7), contain three molecules in the asymmetric unit and diffract 
to a spacing of 3 A. They have been obtained using standard vapour diffusion 
techniques in hanging drops (McPherson, 1976) at room temperature. For 
soaking native crystals were transferred to a buffer containing 50% PEG 
400, 125 mM CaCl2 and 20 mM HEPES, pH 7.0. N-terminal sequence 
analysis of the purified material shows that - 50% of the B-chains are nicked 
either between residues Leu5-Thr^ and/or Arg32-Thr33. The purification 
procedure for PDGF-BB does not separate dimers with two intact chains 
from those with one or two nicked polypeptides. This heterogeneity is also 
present in the crystallized material as apparent from SDS gel electrophoresis 
(data not shown). 

Crystaiiographic analysis 

Diffraction data were recorded by a Siemens/Nicolet area detector, installed 
on an Elliot GX-21 rotating anode generator operated at 40 kV, 80 mA 
and equipped with a graphite monochromator. Data frames of 0. 1 ° and 
0.2° with exposure times between 90 and 120 s were collected and processed 
with the XDS software (Kabsch, 1988), All subsequent crystaiiographic 
calculations were performed using the CCP4 software package (obtained 
from Daresbury, England). An isomorphous low resolution difference 
Patterson could be solved for a SmCl3 derivative. Four sites were identified 
and SIRAS phases, obtained from the single isomorphous and anomalous 
differences, were used to solve two additional platinum derivatives [K2Ptl4, 
K2pt(NH3)2(N03)2l by difference Fouriers, indicating three and four sites 
respectively at low resolution. The handedness was determined by applying 
the initial SIRAS phases for both enantiomers to one of the Platinum 
derivatives. Heavy atom sites, including symmetry copies, were examined 
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for the presence of nan-cr>'staiiographic symmetry. This indicated the 
presence of three monomers in the asymmetric unit; two related by a non- 
crystal lographic 2-fold, the third being part of a crystal lographic dimer. 
Examination of other lanthanide derivatives (Tb and Eu) revealed the vSame 
sites but the Eu derivative gave somewhat better phasing statistics than the 
original SmCl3 derivative. Final heavy atom parameters used for phasing 
were obtained by a Dickerson-type refinement (Dickerson et al., 1968) as 
implemented in the CCP4 program PHASE. Isomorphous and anomalous 
differences of EUCI3 (five sites, 3 days soak at 0.3 mg/ml) were used for 
phasing to 3.2 A resolution, isomorphous differences of K2Ptl4 (three sites, 
2 days soak at 0.5 mg/ml) contributed to a spacing of 5.0 A. The quality 
of the resulting electron density map was further improved by the application 
of solvent flattening techniques (Wang, 1985). Three cycles of density 
modification and phase combination lead to an interpretable electron density 
map. 
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